Clay/poly(methyl metacrylate) (PMMA) organic-inorganic hybrid gas barrier layers on PP were prepared by photopolymerization. The effects of clay content on the oxygen barrier property and surface hardness of the films were investigated. Oxygen permeability coefficients of the hybrid layer was small and about eight times higher than that of poly(vinylidene chloride) (PVDC) and water vapor transmission rate of the hybrid layer was the same order of PVDC. Pencil hardnesses (50 g load) of the PP with the hybrid layers were more than B. These values were considerably higher than that of PP (6B). These properties were thought to be due to well dispersion of inorganic segments (clay) and organic segments (PMMA) in the hybrid. From the results, it was found that the organic-inorganic hybrids could be applicable to gas barrier films.
Important factors of plastic films applied for packaging are transparency and gas barrier property. Poly(vinylidene chloride) (PVDC) films and plastic films coated with PVDC show high oxygen and water vapor barrier properties and transparency. Therefore, PVDC has been utilized in packaging materials. Recently, the possibility of PVDC being an environmental pollutant due to the presence of high content of chlorine atoms has become a topic of concern for several individuals. From this viewpoint of environment conservation, PVDC should be replaced by other environmental friendly materials. Glass and ceramics are potential candidates for gas barrier materials instead of PVDC. The deposition of SiOx and Al2O3 films on polymer films using vapor deposition and chemical vapor deposition methods has been used for gas barrier applications in food and pharmaceutical technologies. 1) Polymer/clay composites 2) and organic-inorganic hybrids 3),4) were also used for such applications.
Polymer/clay nanocomposites as advanced plastic material have been studied due to significant improvements of the polymer property with low clay contents in mechanical, thermal properties 5),6) and gas barrier property. 2),7) A promising way to further improve the properties might be to nanocomposites by adding a high volume of clay. However, it is difficult to form high clay content nanocomposites with transparency and flexibility, and few reports were found in the literature. 8)-10) Recently, transparent flexible clay films were reported. 9),10) They possessed high transparency and high flexible properties, even with clay content as high as 80 mass%. The prepared films exhibited thermal stability and gas barrier ability; however, the long process time of this technique might restrict its practical applicability.
In the present paper, we wish to report the preparation of clay/ poly(methyl metacrylate) (PMMA) organic-inorganic hybrid gas barrier layers with high clay content on polypropylene (PP) films by photopolymerization. We investigated the effect of clay content on the oxygen barrier property and surface hardness of the films.
Clay/PMMA organic-inorganic hybrid gas barrier films were prepared using photopolymerization. The coating solutions were composed of organically modified clay (SAN, synthetic smectite, Lucentite SAN, CO-OP Chemical Co., Ltd.), methyl methacrylate (MMA), 3-methacryloxypropyltrimethoxysilane (MetTMOS) and toluene. Table 1 shows the compositions of the coating solutions and sample name. Photoinitiator (Darocur 1173, Ciba Japan K.K.) was added to the solution in a concentration of 5 mass% of the solution. Commercially available reagent grade chemicals were used. A mixture of SAN and toluene was stirred for 1 h. Ultrasound was applied for 1 h to accelerate dispersion of clay in the solution. Then MetTMOS was added to the solution. After the mixture was refluxed at 383 K for 24 h to obtain a homogeneous solution, MMA and photoinitiator were added at room temperature. The prepared coating solution was clear and homogeneous. PP films with a thickness of 70 μ m were used as the supports. The support was spun at a rate of 1000 rpm for 30 s, and 0.5 cc of the sol was dropped on the support. Following the spin-coating procedure, UV light irradiation was performed for 15 min to polymerize a film by photopolymerization. Oxygen permeation through the films at 313 K was measured by a variable pressure method. 11) The pencil hardness test (load: 50 g) was † Corresponding author: K. Kuraoka; E-mail: kuraoka@maritime. kobe-u.ac.jp 
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conducted to determine the surface hardness of the films. Figure 1 shows the oxygen permeances of clay/PMMA organic-inorganic hybrid gas barrier films. The oxygen permeances of the films decreased until M50 (50 mass% MMA) as MMA amount increased, and then reached a constant value. The oxygen permeances of M50 was 5.2 × 10 -12 mol·m -2 ·s -1 ·Pa -1 , while that of the PP film was 1.7 × 10 -11 mol·m -2 ·s -1 ·Pa -1 . These values reveal that the coating of clay/PMMA organic-inorganic hybrid is effective in suppressing the oxygen permeation. The low permeance can be explained by the formation of a dense structure and lesser number of defects as shown in Fig. 2 . Figure  2 shows SEM micrographs of the surface morphologies for M50. Although some clay could be observed, clay/PMMA organicinorganic hybrid had no cracks and exhibited a smooth surface.
Pencil hardness of clay/PMMA organic-inorganic hybrid gas barrier films and PP film are presented in Table 2 . The pencil hardness of the films was more than B and increased as MMA content increased, while that of PP film was 6B. In pencil hardness test, the hardest is a 6H, followed by 5H, 4H, 3H, 2H, and H. F is the middle of the hardness scale; then comes HB, B, 2B, 3B, 4B, 5B, and 6B, which is the softest. The pencil hardness of the hybrid films are much higher than that of PP film, and is due to the inorganic matrix being main component of the hybrid layer.
For multi-layer membranes, the permeability coefficient of the whole system, P and the permeability coefficient of each layer, Pn have the following equation.
(1)
Where L and Ln are the thickness of the whole system and of each layer. By using this equation, the oxygen permeability coefficient of clay/PMMA organic-inorganic hybrid gas barrier layer on PP film was calculated.
The oxygen permeability coefficient of M50 calculated from the permeance and thickness was 1.3 × 10 -17 mol·m·m -2 ·s -1 ·Pa -1 . This value was about one-third of that of PMMA (3.8 × 10 -17 mol·m·m -2 ·s -1 ·Pa -1 at 298 K) 12) and about eight times higher than that of PVDC (1.7 × 10 -18 mol·m·m -2 ·s -1 ·Pa -1 at 298 K). 13) Yeh et al. reported polyacrylamide (PAA)/clay nanocomposite prepared by photopolymerization for gas barrier application. 7) Oxygen permeability coefficient of CLAA10 (clay content of 10 wt%) was 4.3 × 10 -16 mol·m·m -2 ·s -1 ·Pa -1 . This value was slightly lower than PAA (5.3 × 10 -16 mol·m·m -2 ·s -1 ·Pa -1 ) and about 30 times higher than that of M50. Ebina et al. also reported flexible transparent clay films with gas barrier property. 9) Oxygen permeation of the film was 0.074 cm 3 ·m -2 ·day -1 ·atm -1 . This value was about one-thirtieth of that of PVDC. Thus, oxygen gas barrier property was more than thirty times better than M50. This high oxygen barrier property of the film was thought to be due to high content of clay and highly ordered structure of clay platelets.
Water vapor transmission rate (thickness 25 μ m) of clay/ PMMA organic-inorganic hybrid gas barrier layer was also calculated by using Eq. (1) and thickness is normalized as 25 μ m. The calculated water vapor transmission rate (thickness 25 μ m) of M50 was 5.3 g·m -2 ·day -1 . This value was the same order of PVDC (1 g·m -2 ·day -1 ). 14) The reported water vapor transmission rate of PMMA was 41 g·m -2 ·day -1 . 12) This value is considerably higher than that of M50. This high value is due to swelling of PMMA caused by carbonyl groups in the molecular structure. Picard et al. reported water vapor barrier properties of nylon 6 (PA)/montmorillonite nanocomposite membrane. 2) Water permeability coefficient of PANC13 (clay content of 13 wt%, 22°C, 30%RH) was 2.02 × 10 -12 g·cm -2 ·s -1 . This value was one half of neat PA (4.06 × 10 -12 g·cm -2 ·s -1 ). It is difficult to compare the values because main components of polymer and measurement conditions were different. Measurement condition of this paper (40°C, 90%RH) was more severe than that of the reported. However, water vapor transmission rate of M50 was the same order of PANC13.
These results indicated that the prepared clay/PMMA organicinorganic hybrid gas barrier films had high oxygen and water vapor barrier property. This property is a novel property of the organic-inorganic hybrid gas barrier film due to dispersion of inorganic segments (clay) and organic segments (PMMA). As the photopolymerization makes progress, new bonds between clay and PMMA are formed, creating additional cross-linking. These bridging bonds by reaction could prevent swelling of PMMA. Therefore, the hybrid coating layer could be applicable for oxygen and water vapor barrier. 
In conclusion, clay/poly(methyl methacrylate) organic-inorganic hybrid gas barrier layers on PP were prepared by photopolymerization. Oxygen permeances of the hybrid films were evaluated as the function of clay content. The oxygen permeability coefficient and the water vapor transmission rate (thickness 25 μm) were calculated from oxygen permeances and water vapor transmission rate of the hybrid film and thickness of the film. The calculated values indicated that the hybrid barrier film obtained by photopolymerization exhibits oxygen and water vapor barrier properties.
